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ABSTRACT ' b

This report presents the results of utilizing the Jet Propulsion
Laboratory 2l-inch hypersonic and 20-inch supersonic wind tummels as
continuous flow multigas facilities. Carbon dioxide (C02) was used as the
contaminating gas. Concentrations up to 70% by volume of 002 were obtained

2_(.‘ "\ rad 6~O ~
at Mach number:§; The techniques, special equipment and instrumentation used,
1 Vi e

apd results are discussed. The -results-are of particular interest since
aerodynamic testing in atmospherss approximating those of Vemus and Mars:

appears to be feasible in facilities originally designed to use &® air as

the working fluid.
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FIGURES
1. CO2 Supply System for the HWT.
2. CO2 entering the Return Pipe Dowvnstream of the SWT Diffuser.

3. Successful 002 Supply System for the SWT. -

L. gystem Py Determing Percent CO, by Voluie

5. Liguefaction Ef:ﬁ'ects of COQ—Air Mixture on Pitot-Pressure Distribution




I. INTRODUCTION

For some time increasing interest has Loen shown in testing spacefraft
models in gases somewhat different from sire. Consequently, it was desirable
to determine if the two continmuous-flow wind tunnels at the Jet Propulsion
Laboratory (JPL) could be made to perform as rmltiras facilities.

A test program was initiated in the JPL 2l1-inch hypersonic wind tunnel
(EWT) in which carbon dioxdde (COQ) was used as the contaminating gas.

002 was selected because of its stability iIm under the running conditions
possible in the HWT, its non-toxicity, relative inexpensiveness, and
aveilabllity. In addition, it is known that the atmospheres of both Venus

- and Mars, as compared with Barth, are ricuL in C02. If a EEX Coa-rich environ-
ment could be established in the JPL wind tunnels, the utility of these
tunnels could be extended, thus aiding JPL and NASA in their planetary
exploration worke

This report will discuss the results of the initial program to establish
the feasibllity of operating the HWT as a multigas facility and the results

of a subsequent study in the 20-inch supersonic wind tunnel (SWT).

-~




II. THZ PROBLEM

There were two separate problerm areas. The first consisted of:
1) the introduction of a known gquantity of COp into the tunnel xixi=
circuit; 2) the accurate measurement of the CO2 concentration in the
supply section of the tunnel; and, 3) the procedure for maintining,
within acceptablé limits, a constant mamk concentration of COE in the
test section.

The nozzle comtours normally used produce uniform flow distribution

in the test section when air is the working fluid. Part two of the

W e

problem was to determine-whethor or not-special-contours—would-be required

when a Ef CO,-rich atmosphere was the working fluid.



III. TEST TECENIQUES

Three 248 methods of introducing 002 into the tunnel circuit were tried.
During the first test period in the HWT an atbempt was made to in'troduce 1iq_uid
CO2 from a standard liquid-CO, container into the downstream';.:‘ﬁ'{bf the diffuser
as shown in Figure l. The CO2 tended to freeze when expanded through the
control valves thus plugging the supply line and resulting in intermittent
flow of COp to the diffuser. ‘

For the second test period in the HWT it was decided to convert liq_uid
002 to the gaseous state before introduction into the diffuser. Control
was greatly simplifed andvery adequate but the necessity to generate steam
for the liguid-to-gas convertgrs was a nuisance.

Analysis of the control problem which prevailed during the first HWT
test suggested that the liquid CO2 should be metered by an orifice placed at
The junction of the CO suphly line and the diffuser. Then the dry ice which
is created during the expansion would sublime immediately in the diffuser
air as shown in Figure 2. Figure 3 shows the arrangement of the 002 supply -
system which was developed and used successfully for the subsequent test in
the SWl'e In this sytem, the coarsc metering is done by the orifices while
the valves are used oﬁ]y for_‘ shu‘c%:ffsm or for small reductions in maximum
flow to the orifices. Tlnis the pressuré drop across the valves when there is
flow thraugh them is so small that no freezing océurs. A manifold of orxrifices

stch as shown in Figure 3 was chosen so that a wide variety of Coz-air mixtures
. . Yo

S
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could be generated for several test-section Mach mumbers. The mig—\lu;at .
nozzles which were obtained from System Spraying Co. produced a fan-shaped
spray in a plane perpendicular to the air flov in the diffuser. This resulted

in rapid eveporation and sublimation of the CO, as it entered the diffuser.



Throughout the program technigues were selected which toox advantage
of thke conﬂitions which normally exist in various parts of the tunnel circuit.
For instance, 002 was introduced irto the diffuser where the pressure is
well below one atmosphere rather than in the supply pipe where the pressure
is uswally well above one atmosphere. This required the CO2 to travel through
the entire tunnel circuit before reaching the test section and therefore
thorough mixing of the air and 002 was accorplished. In addition, it was
convenient.to take the sample of gas to be analyzed for CO.2 content from the
Beacfo ot
tunnel pize gection.
The tbfmymmicharxa  uniformity of the flow in the test section was checked

by utilizing a semi-vertical traverse mechanism with two pitot probes.



IV. SPECIAL EQUIPLENT AND INSTRUMET ATION

The method of introduction of gaseous CO, into the HWT is shown in

Figure 1. A large tank trailer with a maxirum storage capacity of 19,000

pounds of liguid CO2 under 250-300 psig pressure was used to supply liquid 002

to two liquid-to-gas converters. These converters were simple heat exchangers

utiliiing steam for the heat source. The gaseous 002 was then routed through

either the flow meter for establishing low to moderate concentrations or through

the 2-inch liné for higher concentrations. g

#'he temperature of the gaseous COs was monitored thmug‘g.u'l'il’le test by a
5=-millivolt Brown readout for the two thermocouples shown in Figure l. The
temperature of the gas was kept at about 140°F at the méasuremen’c points to
inhibit the occurrence of a change of state at areas of expansion in the
Pipinge. .
Vﬁcwf T

/ﬁhe SWI sybtem required no specilal equipment in addition to the Wjet
nozzles.

Liquid Carbonic, a Division of General Dynamics, supplied the COp, the
steam generator, and the liguid-{to-gas converters.

The concentration of CO2 by volume was continually determined by using
a Beckman Model l5a infrared a.na;l.yzer. The output oi‘ the analyzer was
read from a 5-millivolt Brown. A schematic drawing of the complete system is
shown in Figure 4. Al simple heat exchanger was used to keep the temperature
of the gas sample between 70 and 100°F.

The analyzZer was equipped with a reference cell which was calibrated

for a selected range of COp by volure in air. The reference cell wazx used

Guring-Fiho Wl -proren was calibretad for O to 15% CO» by volume. Cells for

other ranges could be made but wore not rradily availsble, for—thae-wari in +ha WD,



It was learned that adequate CO2 Percentage i‘eadings could be obtained up to

30% by volume using the 15% cell a;i‘ter experimentally extrapolating the |
calibration curve for the 15% cell. In addition, when operating with
gpncentrations above 15%, samples of the gas mixture were collected periocdically

and . carefully analyzed using éhemistry laboratory techniques and equipment.

The pitot pressure is plumbed to a 15 psiaﬂ“‘
/St;,‘bhampr;.ssmi‘r?tranéducer vwhi‘ch supplies a sigin signal that is contimuously "
: plotted during a traverse by a Moseley % X-Y plotter. The X scale
~ represents inches below the tunnel ceiling; the Y scale represents pressure
i"\‘xn.mi’&;s (em Hg abs)o/,/More details concerning the gas a.na.'lyze:;' are 1ncl;1ded—:_;1
Rei‘erence> l‘.“

| The flow uniformity was checked by semi-vertical pitot-pressure traces.
The HWT traverse has two pitot probes vwhich ixm straddle the tunnel centerline
dhd are 6 inches apart. When not in use, the probes are retracted flush |
with the tunnel ceiling. The tr;}verse ‘crosses the tunnel centerline approxi=-

mately 15 inches upstream of the center of model rotation and moves in a

Plane inclined 15° to a plane perpendicular to the tunnel centerline. The



V. RESUILTS

The bechnique used to 1ntroduce gaoeous CO into the SWI circuit was

2,
most satisfactory and will also bé med 1n the PWT. A sample coperation

I S

is described in the appendix. D:Lfferent levels of CO2 concentration were

~ established at nozzle contour séttings corresponding to Mach numbers (M)

for air af 1.8, 2.6, B 5, 6.5, and 7.2 .At present the maximm Mach number

at which testing can be done is ncor 7o, The limiting factor is the maximm
tew

.~

temperature available from the VT heater. Air-CO2 mixtures require mch
higher temperatures than air alone in order to avoid condensation effects.
Experigiental comparisons are shown in Table I. In Figure 5 a plot is
presented whicia shows the effect on the pitot-pressure distribution of the
onset of liquefaction for the M éésxi(gzgles.én—tlzz::}%&. . The pressure traces
were obtained from semi-vertical traverses. ILiquefaction effects at other
concentrations of COp were 1nvest1gaued3ar.:1 indications were that the amo&z
of 002 present seemed to have only a minor effect on the temperature at which
liquefaction effects appeared. The explanation of ¥z this apparent anomaly
is not m and will require more analytic and experlmen’cal WOrkK e

Tt .l'q:ot\_d » however, that as the supply pressure for C02-air mixtures was
reduced, lig_uei‘action' occurred at a lower temperature which is consistent with

liquefaction effects for "pure" air.

The maximm concentraton of COs which was run was 70% by volume, ;Eilis

"was achieved in the M = 6 nozzle for a supply pressure of 900 cm Hg abs and

a supply remperature of 1200°F, To maintain this concentration, it was ne;cessar\}

to con‘bin‘égggly put 2 to 3 pounds of CO, per second into the tunnel to make

up for leakage of air into the below-atmosphere part of the HWT circuit.

f
- aAr /‘,( .
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The ability to accurately measure the concentration of COs in the tunnel

was demonstrated. At concentrations from O to 15%, the analyzer readout

. gave readings which were accurate to I 0,1% 002 by volume*. Accuracy

decreased somewhat at higher concentrations, but significant test results
could still be obtained. |

Attempts were also made to establish angﬁold a desired concentration.
After gaining a little experience, concentrations could be quickly established
to within 0.5% and held to  0.2% of that desired.
(; CO, was easily purged from the tunnel circuit by evacuating the tunnel
to a low pressure after bypassing the tunnel flow at the end of a run. This
purging was accomplished in from 2 to 3 minutes.

When liq_ueféction was avoided, the nozzle Emm contours normally used for
"pt;re" air were adequate for aix;-;co2 mixtures for CO, concentrations up to

70% by volume.

I

% The instrument was previously calibrated to this accuracy by using known

mixtures of CO2 and air.



VI.. FUTURE WORK

The effect of COe—air mixXtures on aerodynamic ocoefficients will be
studied in the SWT mzx and HWT. Some of this work has recently been performed

and will be discussed in a subsequent report.

5

b

Better control of the introduction of CO2 into the tunnel circuit is

certainly possible. A servo control can be developed which would automatically

L :
. hold the centration of CO, relatively constant.



Table I

_Approximate CO Total Temp. Below
Total Pressure Concentration Which Liqudfaction
Mach No.* (cm Hg abs.) (% by Vol. in air) Effects Appear (°F)
R S aite
5.07 515 11.6 TS e
6.49 | 200 15.2 950 Zeo
6.52 200 10.0 910 300
6.56 800 5.4 1200 &Teo
6.56 800 10.5 1200 dze
7.13 200 1.k 1200 TEY

* Mach number was calculated using standard air tables. ‘No attempt was
made to determine the "real™ Mach number at this time.




_ APPENDIX

Sample Operatipn in the SWT

For the M = 1.8 nozzle contour and a supply pressure of 80 cm Hg abs and «.
supply temperature of ]_15 F, the mass flow thwough the tunnel is g5 lb/ sec.
To test in a mixture of 20% €O, and 80% air by volume one does the
following after starting the tunnel and reaching the above supply conditions
(refer to Figure 3).

. +
1. Fully open the 3/8-inch bell valve which raises the CO, conéent

of the tunnel “"air" to 20‘;6 ‘z}y volume in about b4 min. ; /
- C Oy ritacie jw e Aece, ; P
2. Close the ball valve and malnté.ln 20% 002 concentration with l/h--inch
\/ < fz,

globe valves and } Fagot nozzles, Cy Arcen e




REFERENCE

1. Beckman Instruction Manual for the L/B Infrared Analyzer Model 15a..




il vy -._ -— ‘B
; |

k|

i v
(3 _..2 ...r‘ “
..m -

v L]

-













///

' -~ i : * 4 /
SCAHETRTYTIC. e, eSS i s T // ¢ /é 2
STEPY s 20 -~ ne AT 7z o0~ (44

’/
/ / N
P i v

R , g CeoeT

/6’ PN VELISET 7
A T IS ' -

\» /

\,

\\ £

AAND Lm0 702
ELOLE yasins

' Z V772 //uc’ ARCLLELE DR CRIFICL /’/ar/,g,v//

SERING £ 0 PED
PELLILA YA L

{’lN Lo
//3/; FLes pese

- b o~ A S -
A i
ALod . s ) ﬂ AAND oRPricare) }
vy /-1 1D, CHLORE y b= i ol
Z% Soee  taLvE .. - ‘;
Lrg
L0y '
i !
/’:300);/%
" : ;
A/ozz Pax 5) T T ‘-—.rw | enticat T= OF
7 !
L/ e 4y /voz.&‘,; }/ ‘_Jyf e ://w//wc,@ ;37, P ]
z I cnrc, (
CTRALER
. i
.7 i

7o 0""’?”’72:) )&\xfo‘ég\/\/féké

e

T [<dd)

2 < ""/Cr«;;Wv/eA/ 7@

et
w"ﬁp

croces EATL
4

¢
-

440’1?745_

/J ,WLL Ll Y O ERIEGP O CT BR prs

2 0“ Wwﬂf)ﬂo )( 4/\7//\/. A e/

e
BLATED snr  SAANLL  SrroLAST VWMU{ e //Z DlA . CELEI 7

}
-7 [

N =

P




4

W3LSAS ONIdWVS 02D

HIZAIYNY Q34VYH4NI INTVA AN
oGl 130N Nvwyo3g (V) A_Muz 38019
(4606 OL d00%) II/' ,

\ A
A4 A AJ

NI ¥31vm isd OOl

1

m " i | )]

|
1noavay ® :
NMOYSE 431411dWY 1
AW G i |
1N0O 11

4ILVM AIWH |l /
H3ZATYNY Q38VH4NI _

43LIW MO .z_s_\.o.ol,/' ] .
000! OL 0O} | 31dNOJOWYIHL
100 F1dWVS -— [

H3IONVHOX3
1V3H

- <FTdwvs  A1ddns

NOI1D3S
1MH



- T -
H H 3 ; : : 1 os
bl : rH } ¢
F AR SuECE 7: Sy B

+H e aare: : sasa: ; :
fiees FHH T e z . k- T
pha a ao t i 3 d ra-r-s -~
g 2 + »r . 4 moas
+rH T T 1t
1 x =
j2ge 1 HRE 3 FH 5
cies 1T T B FRkeinves - 2 ¥
.- 5 X ) G a .
L 2 T ,
: > {
HH L !
il ia ¥ R - @ i
s b4 s }
T 3 2s IREnes

 Seuss faRak aavREET H
i1  RERR SRERR S REDE DAREN) | RReie Suy 4] )
H
asgs ik 5

T AHHH LESEEY

T . B i i 4 1] 4

b5 Eawvd IERRL FERRS EERSE Ex 3 Hiit

pe e e reen tiln: - g So an fai

+ 12 L 2.3 B i i
Y SUROERRERRLd tataiRasea
.ﬂv% ..rm =1 1
T

i3
355
g ]
.
. I
s 2 HT
T AN
d 1 T L 1 + L
: 2 o ; i
. ri
mes i 5 L i
EASR sepas v 5 5 : t b F H 23
93 ey ot s dA 1 5 an iy ¥ L JHIH »
muﬁ ¥ T + H : oo H
1 + 1 ] 3 -
. 4 .w?vﬂ. B + 11,ﬁ1 ] 3
¥ ] Friit Rl B s ) SRS BE BN
T T 8 B I T
B Shugad 3 E
| g .
HTH 2 3 QURER SynRs ponay fbaws ai pa pRmaE & 5351 & 1
he HH I AERR] FEhks yhmy (T o
L 2 i+
ks alE d) i1 i T
! v o s T
eend iasts fanid A0S 300 : +
e I P 4 1
w\MAA— 1 1 1 “ -
H ; s
L
. i : ] i ] I
i S { i
, ; i i
1 | : A, . . ; .
' ! ' | ; ; ;
i : ° . P !
I i H i i
N T | ; ; S R
. — 1 H h ; P i : }
! i i H ! ; : ! : i
| ' | ! ! ;
! N ’ e i
! : : ,
: | !
1 ; I ! ; ,
| . o e
R | ; ) ; ! i | i . !
, m } ' i : t i : i i
- » | ; ! : i |
. i ' . : | :
| ! Lo | SN !
SR H i : - EREA ' Lo :
! ! ; | : ; | ! ; | ! |
i X i i ' ' | ! ! |
““““ i ! |- : . . |
| i : oo ! : i i 1 | m ; :
i I : booeed ; :
; H ! P | B R SR I | SR RS SN NLES BT
f
LT S - R . 2 _ _ :
: s ol ; N . . N .






